Abstract: Thalictrum foetidum L. (Ranunculaceae), a morphologically variable and widely distributed species of temperate and alpine Himalayas is worked out cytologically for the first time from India. Earlier studies from outside India were restricted to chromosome counts and karyotypic analysis. We studied the male meiosis, microsporogenesis and pollen viability in the wild accessions from the cold deserts of Lahaul-Spiti, Kinnaur and Pangi Valley of Himachal Pradesh. Present cytomorphological surveys in the species record the existence of two distinct morphotypes involving plant size; colour and size of leaf/leaflet; dentation of leaflet lobes; and degree of leaf pubescence. All the accessions in the two morphovariants share the same meiotic chromosome number (n = 21) and adds a new intraspecific hexaploid cytotype. The accessions show the phenomenon of cytomixis involving transfer of chromatin material among proximate pollen mother cells (PMCs) and associated meiotic abnormalities like, out of plate bivalents, interchromosomal connections, and laggards, bridges and micronuclei at anaphases/telophases. Microsporogenesis results into abnormal sporads (tetrads with micronuclei, dyads, triads and polyads). The products of such sporads resulted into some pollen sterility and pollen grains of heterogeneous sizes. The persistent occurrence of phenomenon of cytomixis and associated meiotic abnormalities and consequently pollen sterility and pollen grains of heterogeneous sizes in the hexaploid cytotype of T. foetidum seems to be under some genetic factors associated with the genome.
Introduction
The cold deserts of India which include the Trans Himalayan zone cover about 2% of the geographical area and spread over 98,660 km 2 i.e. 82,660 km 2 in Jammu and Kashmir, 15,000 km 2 in Himachal Pradesh and 1,000 km 2 in Uttarakhand. These deserts are confined to Ladakh region of Jammu and Kashmir; Lahaul-Spiti; parts of Kinnaur and Chamba districts of Himachal Pradesh and northern tips of Garhwal Himalaya i.e. Nelang valley (Uttarkashi district) and Mana and Niti valley beyond Malari area (Chamoli district) of Uttarakhand. The cold deserts consist of rugged mountains, snow clad peaks, bare rocks, and steep sandy slopes with rock gravels. These deserts provide inhospitable conditions due to low capacity of soil to retain moisture, cold and dry arid weather, strong winds and low precipitation. Consequently, the plants tend to become prostrate, thick, bushy, hardy, mat forming, and with long roots and small succulent or woolly leaves. While exploring the cytomorphological diversity in the plants of these cold deserts, we have recorded high polyploids, and aneuploids, hybrids, apomicts, structural heterozygotes, chromatin transfer among meiocytes and synaptic variants. Besides, we have also reported several species which depict various meiotic irregularities like chromatin stickiness, laggards and bridges, micronuclei, pycnotic chromatin and, fragmentation of chromatin Kumar et al. 2008a Kumar et al. , 2010 Singhal & Kumar 2008a,b; Singhal et al. 2008 Singhal et al. , 2009a Singhal et al. ,b, 2010 . Furthermore, majority of vascular plant species which are endemic to these deserts have not been studied cytologically earlier. One of such species is Thalictrum foetidum L. from the family Ranunculaceae. This taxon has not been cytologically studied from India, and outside of India only diploid cytotype (2n = 14) has been reported. The Indian populations of T. foetidum from cold deserts reveal that the species shows considerable morphological variation in plant size; colour and size of leaf/leaflet; leaflet lobe dentation; and degree of leaf pubescence. Two morphovariants MV1 and MV2 are detected presently. The species which was treated earlier under Thalictrum minus L. var. foetidum (L.) Hook. f. & Thoms. grows between 2,500-4,000 m altitude in the temperate and alpine Himalayas as an erect perennial pubescent herb with pinnately decompound leaves and light purplish flowers in branched panicles. Medicinally, the species is used in hypertension, stomach diseases, wounds, ulcers, injuries and headache. Locally the plants with strong resinous aroma are used in religious ceremonies. Present work pertains to study in detail the male meiosis, microsporogenesis and pollen 
Material and methods

Plant material
Materials of T. foetidum for male meiotic studies were collected from the 14 wild accessions consecutively for three years (2007) (2008) (2009) in June, July and August, from the different localities of Lahaul-Spiti, Kinnaur and Pangi Valley of Himachal Pradesh (Table 1 ). The identification of the taxon was done by consulting the various flroras of the region such as, Flora of Lahaul -Spiti (Aswal and Mehrotra 1994) and Flora of Chamba District (Singh and Sharma 2006) . Besides, the plants were also compared to the samples lying in the Herbarium (PUN*) maintained by the Department of Botany, Punjabi University and also the Herbaria of Botanical Survey of India, Dehra Dun (BSI), and Forest Research Institute, Dehra Dun (FRI). Voucher specimens of the cytologically studied specimens are deposited in the Herbarium, Department of Botany, Punjabi University, Patiala (PUN). For male meiotic studies, floral buds of suitable sizes were fixed in Carnoy's fixative (6 ethanol:3 chloroform:1 acetic acid v :v :v) for 24h and preserved in 70% ethanol in refrigerator. *PUN is the Herbarium Code of Department of Botany, Punjabi University, Patiala as per "Index Herbariorum" by Holmgren and Holmgren (1998) .
Morphometric analysis
The accessions collected from various localities and habitats are placed under two morphovariants, MV1 and MV2 on the basis of plant height, leaf colour, leaf length, leaflet size, leaf lobe dentation and degree of pubescence. The plants of MV1 are relatively taller, having large sized leaves (14.51-20.83 cm), leaflets (8-15 × 6-11 mm), 1-6 mm deeply lobed leaflets, dull green and relatively less pubescent leaves. On the other hand, plants of MV2 are relatively small sized with 18.42-19.23 cm long leaves, 5-8 × 4-7 mm leaflets, 1-3 mm deeply lobed leaflets, dark green and more pubescent leaves. The individuals of MV1 are noticed to be relatively less common in Lahaul-Spiti, Kinnaur and Pangi Valley. Four accessions are studied under this category. On the other hand, plants of MV2 morphotype are relatively more common in Lahaul -Spiti and Kinnaur districts. Male meiosis, microsporogensis and pollen grain studies are made on 10 accessions under this morphotype.
Meiotic analysis. Anthers were squashed in 1% acetocarmine and preparations were studied for detailed meiotic behavior in pollen mother cells (PMCs) at different meiotic stages. In each accession, a total of 400-500 PMCs were examined for cytological analysis and chromosome counts were made.
Pollen analysis. Pollen studies were made by smearing the mature anthers from different flowers in glycerolacetocarmine mixture (1:1) and 600-700 pollen grains were analyzed in each case for pollen sterility and pollen size. Well-filled pollen grains with stained nuclei were scored as fertile while shriveled pollen with unstained or poorly stained cytoplasm were counted as sterile. Pollen grain size was measured using ocular micrometer. Pollen grains were categorized into very large (30.16-32.54 Photomicrographs. The best plates of chromosome counts, meiotic abnormalities, sporads and pollen grains (sterile, fertile) were photographed from the temporary 
Results
Presently detailed observations are recorded on male meiosis, microsporogenesis, and pollen fertility and pollen grain size covering 14 accessions of T. foetidum collected from Lahaul-Spiti, Kinnaur and Chamba districts of Himachal Pradesh (Table 1 ). The accessions in both the morphovariants uniformly share the same meiotic chromosome number (n = 21) and ploidy level (6x) as confirmed from the presence of 21 bivalents at diakinesis (Fig. 1A) and metaphase-I (MI) (Fig. 1B) and 21:21 chromosomes distribution at anaphase-I (AI) (Fig. 1C) . In spite of this all accessions scored presently show some abnormalities during male meiosis, such as pollen mother cells (PMCs) involved in chromatin transfer at different stages (Figs. 1D-M) , presence of out of plate 1-2 bivalents at M-I ( Fig. 2A) , interchromsosmal connections (Fig. 2B) , and laggards and chromatin bridges at anaphases/telophases (Figs. 2C,  D) . The laggards in such PMCs are resulted in the formation of micronuclei and micromicrospores (small sized microspores than the normal ones) in tetrads, beside the presence of some dyads, triads and polyads (Figs. 2E-I ). Consequent to chromatin transfer and associated meiotic abnormalities 12 accessions depict some pollen sterility and fertile pollen grains of heterogeneous sizes (Fig. 2J, K) . In the rest of the two accessions (KRk of MV2 and LSS of MV1) cytomixis is altogether absent and only laggards and micronuclei are observed which do not affect the pollen fertility significantly (96.83-98.30%) and pollen size. Only pollen grains of medium (normal sized) and some micropollen are recorded. The micropollen grains are probably the result of laggards/micronuclei at anaphases/telophases which fail to be included into telophase nuclei. The Fig. 2 . Meiotic abnormalities, microsporogenesis and pollen grains. A -a PMC showing out of plate one bivalent at metaphase-I; Binterchromsosmal connections at anaphase-I (arrowed); C -a PMC at anaphase-I showing laggards (arrowed); D -a PMC showing chromatin bridge at anaphase-I (arrowed); E -a dyad; F -a triad with unequal sized units; G -a triad with two micromicrospores (arrowed); H -a tetrad with two micromicrospores (arrowed); I -a polyad; J -apparently fertile heterogeneous sized pollen grains; K -pollen grains; stained apparently fertile, transparent sterile and very small sized sterile pollen/micropollen grain (arrowed). Scale bar = 10 µm.
heterogeneous sized pollen grains are classified into five categories as very large, large, medium, small and very small sized. Out of the 14 accessions studied, 6 have large, medium and small; 3 with medium and small; 2 with medium, small and very small; 1 with large and small; 1 with large and medium; 1 with medium, small and very small, and 1 with very large, large and medium sized pollen grains. The details of cytomixis with chromatin transfer, meiotic course, microsporogenesis, pollen fertility % age, pollen size and relative frequency of small, medium and large sized pollen grains are provided in the Table 2.
The process of chromatin material transfer among PMCs was observed from earlier stages of prophase-I (EPI) to telophase (TII) through cytoplasmic channels. However, the frequency of PMCs involved in chromatin transfer is recorded to be the maximum during early meiotic stages. In a group, as many as 21 PMCs are involved in chromatin transfer.
Another prominent meiotic abnormality recorded in these accessions is the lagging of 1-3 chromosomes/chromatin masses and chromatin bridges at anaphases/telophases. These lagging chromatin materials failed to reach at the poles and resulted in the formation of micronuclei during telophases/tetrads. The products of such micronuclei result in the formation of very small sized pollen grains/micropollen. The frequency of laggards, micronuclei and micropollen grains are found to be positively correlated to each other. *Observed number of (small, medium or large) pollen grains/total number of fertile pollen grains. EPI -early prophase-I; MImetaphase-I; AI -anaphase-I; TI -telophase-I; AII -anaphase-II; TII -telophase-II
The relation between the laggards and micronuclei (Pearson's correlation coefficient r = 0.833, df = 11, p < 0.02), and micronuclei and micropollen (r = 0.672, df = 11, p < 0.02) is statistically significant. Thus the occurrence of micropollen in these accessions seems to be the result of laggards and micronuclei at telophases.
Discussion
Chromosomal status T. foetidum has been cytologically analysed for the first time from India. All the 14 accessions of the two well differentiated morphovariants counted chromosomally from the Indian cold deserts of Lahaul-Spiti, Kinnaur and Pangi Valley uniformly show the same meiotic chromosome number n = 21 corresponding to hexaploid level (based on x= 7). The present findings record the existence of a new hexaploid cytotype (2n = 6x = 42) to the already existing diploid cytotype (2n = 14) from outside India viz., Japan, Austria, Bulgaria, Siberia and other parts of world and they have recorded only a diploid cytotype, 2n = 14 (Langlet 1927; Kuhn 1928 Kuhn , 1930 Krogulevich 1978 Krogulevich , 1984 Kuzmanova et al. 1981 Kuzmanova et al. , 1987 Rostovtseva 1981 Rostovtseva ,1984 Löve & Löve 1982; Yurtsev & Zhukova 1982; Magulaev 1984 ; Davlianidze 1985; Karsnikov & Schaulo 1986; Malakhova 1990; Friesen 1991; Krasnikov 1993; Hand 2000) . Besides, some diploid populations of the species studied by Krasnikov (1993) from Russia depict the presence of up to 2B chromosomes. Till now the species has not been studied cytologically from the Himalayan region of India where it is widely distributed and variable morphologically. Present findings of a new hexaploid cytotype thus indicate the existence of intraspecific polyploidy in the species. Majority of the species under the genus Thalicturm are polyploids and even intraspecific cytotypes are of common occurrence. Diploid and polyploid cytotypes are well known in Thalictrum aquilegifolium (2x, 4x), T. alpinum (2x, 3x), and T. minus complex (2x, 4x, 6x, 8x, 10x, 12x).
Cytomixis
We here report the occurrence of cytomixis in the species for the first time. The inter PMC transfer of chromatin material has been reported earlier in a number of flowering plants from these cold deserts Kumar et al. 2010; Singhal & Kumar 2008a, b; Singhal et al. 2009a, b) . In T. foetidum, phenomenon of cytomixis has been observed to occur in 12 of the 14 studied accessions. The cytomixis among PMCs is recorded to be more frequent during meiosis I. However, in some of the accessions the chromatin transfer among PMCs extends up to late stages of meiosis II. The predominance of chromatin transfer during the earlier prophase stages of the first meiosis has also been recorded in Ervatamia divaricata (De & Sharma 1983) , Centella asiatica (Consolaro & Pagliarini 1995), Boehmeria nivea (Pierozzi & Benatti 1998) and Meconopsis aculeata . In majority of the accessions, during cytomixis, PMCs are involved in groups (up to 21) in the transfer of chromatin material. The nature of chromatin transfer in PMCs is partial as well as complete resulted in the formation of hypo-, hyperploid and enucleated PMCs. Besides, the PMCs involved in chromatin transfer depict various meiotic irregularities and consequently abnormal sporad formation. The products of such PMCs result into the formation of sterile and variable sized pollen grains. Similar observations related to heterogeneity in the size of pollen grains and pollen sterility as a consequence of chromatin transfer and associated meiotic irregularities have been reported in Hordeum vulgare (Haroun 1996) , Vicia faba (Haroun et al. 2004) , Brachiaria humidicola (Boldrini et al. 2006) , Mentha spicata (Tyagi 2003) , Caltha palustris , Clematis flammula , Withania somnifera . Meconopsis aculeata , Hippophae rhamnoides , Lychnis indica var. fimbriata (Singhal et al. 2009b ) and Clematis orientalis . The persistent occurrence of the phenomenon of cytomixis and associated meiotic irregularities, and consequently pollen grains of heterogeneous sizes in the hexaploid cytotype of T. foetidum growing in the cold deserts seem to be under some genetic factors associated with the genome.
